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Abstract
Implementation of amine-based CO2 capture and compression systems on coal-fired power plants would lead to a 
significant loss on power plant efficiency. This energy penalty can be reduced using new solvents and/or 
modifications of the process flowsheet. As the complexity of the flowsheet increases, more parameters have to be
considered and classic parametric analysis is no longer sufficient. The aim of this work is therefore to develop a 
systematic and rigorous method able to automatically assess the minimum energy consumption of a given process.
Such an approach is based on a thorough phenomenological model, using a rigorous thermodynamic framework
(extended UNIQUAC) and considering chemically enhanced heat and mass transfer. Afterwards, a reduced but 
representative model is obtained in order to save computational effort and ensure robustness during process
simulations. Finally, the optimization problem is solved in order to evaluate the process energy minimum.
This method has been validated on two flow schemes operating with MEA, the conventional process and a split feed
stripper, leading to energy penalties of respectively 383 and 361 kWh/tCO2. This robust and generic method will
thereafter be used in order to determine the energy minimum of advanced flow schemes, using different solvents (e.g. 
activated tertiary amine).
© 2013 The Authors. Published by Elsevier  Ltd. Selection and/or peer-review under responsibility of GHGT
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Introduction
Among the different CO2 capture techniques for a power plant, chemical absorption in amine solvents
is expected to be the dominant technology at the early stage of the development. The main bottleneck to
an industrial deployment lies in the high energy consumption of such processes, inducing a power plant 
efficiency loss of around 12%-pt including CO2 compression for the reference case without advanced
integration operating with monoethanolamine as solvent [1]. In order to reduce this efficiency loss, many
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academic and industrial studies focus either on the formulation and characterization of new promising 
solvents [2, 3] or on the improvement of integrated flow schemes [1, 4, 5]. Nevertheless, both approaches 
should be coupled because the optimal process is solvent-dependent due to its physico-chemical 
properties (e.g. kinetics of absorption, cyclic capacity, heat of regeneration, temperature of thermal 
degradation). Furthermore, several process modifications can be combined in a single flow scheme to 
obtain synergies: some combinations yield to positive interaction, other ones can be detrimental to the 
overall process efficiency [1]. In the past ten years, a large amount of such process improvements has 
been proposed in literature and patents but there is clearly room for a comprehensive assessment of the 
combination and interaction of these capture process improvements based on (newly developed) solvent 
properties. 
The purpose of this study is to develop a reliable and systematic methodology in order to determine the 
best flow scheme for each chemical solvent in terms of energetic performances. The proposed approach 
uses a phenomenological model coupled with an optimization algorithm in order to find out the optimal 
operating point with respect to energetic consumption for a given configuration (i.e. fixed flow scheme 
and solvent). 
The adopted methodology follows a multi-scale approach from the molecular interactions towards 
complete process modeling and optimization, in order to represent the whole complexity of such chemical 
systems. First, the general framework used to model the limiting phenomena is briefly described and the 
resulting unit operation models are compared with industrial and laboratory pilot plant results. Then, a 
general optimization method is proposed to find optimal operating parameters which minimize the total 
energy penalty. Finally, this rigorous optimization approach is applied to two flow schemes for the 
reference solvent, monoethanolamine. 
Development of phenomenological models 
The first step is the development of a rigorous model for both the absorber and stripper columns. The 
model is developed in-house in order to keep control on all assumptions and coded in Fortran. It relies on 
a rate-based approach with film chemical reaction and coupled with a rigorous thermodynamic model. 
1.1. Thermodynamic behavior 
The extended UNIQUAC model has been chosen because it inherently provides a sufficient theoretical 
basis to characterize the behavior of the solvent in a wide range of concentration, temperature and 
formulation. The framework presented by Thomsen et al. [6] has been implemented in this work and the 
energy interaction parameters have been taken from the work of Aronu et al. [7] for the representation of 
phase equilibria of monoethanolamine. 
Chemical equilibria (water ionization, dissociations of carbon dioxide, dissociation of bicarbonate and  
protonated amine and carbamate reversion) are solved by a non-stoichiometric method in order to 
determine the ionic speciation of each molecular species. Molar compositions are found by minimizing 
the total Gibbs energy submitted to mass balances with the standard state chemical potentials computed 
from reaction equilibrium constants (taken from Austgen et al. [8] for the MEA system).  
Phase equilibria are represented using the heterogeneous approach by writing the equality of liquid and 
vapor chemical potentials for each compound. Liquid chemical potentials are expressed with activity 
coefficients computed from the excess Gibbs model e-UNIQUAC. The vapor phase is represented by the 
Peng-Robinson equation of state. 
 
 Thibaut Neveux et al. /  Energy Procedia  37 ( 2013 )  1821 – 1829 1823
1.2. Heat and mass transfer in absorber and stripper
In order to represent all the controlling phenomena in absorption and stripping columns, a rate-based
formulation is adopted to represent the chemically enhanced heat and mass transfer. Knowing the bulk 
temperatures and concentrations (provided by the transport equations), the interfacial transfer model
computes mass and energy fluxes between liquid and gas phase.
Hydrodynamics is modeled using the plug-flow assumption and the correlations of Hanley and Chen 
[9] are used to estimate the values of wet interfacial area and mass transfer coefficients. Diffusion is
considered using the effective diffusivities approach. Chemical enhancement due to reaction kinetics in 
film is modeled by an enhancement factor, formulated by DeCoursey [10] from the Hatta number and 
enhancement factor for the instantaneous equilibrium reaction. Energy fluxes are calculated using the
Chilton-Colburn analogy to calculate the heat transfer coefficient from mass transfer coefficient.
Absorption and stripping columns are modeled as adiabatic columns where liquid and gas follow a
plug-flow hydrodynamic regime without axial dispersion. Reactions are assumed at equilibrium in the
bulk and rate-controlled in the film. The transport equations are composed of heat and mass balances for 
each bulk with the boundary conditions at inlet and outlet of packing. This two point boundary value
problem is solved using the orthogonal collocation method [11].
1.3. Validation of unit operation models
Simulations performed with the absorber and stripper model have been compared with experimental
results from the industrial CASTOR pilot plant [12] and the laboratory NTNU/SINTEF pilot plant [13].
Figure 1(left) presents the comparison between simulated and experimental temperature and gas CO2
concentration profiles in the absorber for CASTOR pilot plant; simulated values are very close to 
measurements. Simulations are in excellent agreement with experimental results since average absolute
deviations respectively of 0.007 molCO2/mol MEA and 1.3% are obtained for rich loading ratio and CO2
removal efficiency.
Figure 1(right) shows the comparison between simulated and experimental temperature profiles along
the stripper packing for Run 1B of the CASTOR pilot plant. Results are obtained by fixing the rich
loading ratio and solvent flow rate at experimental values, the reboiler heat duty has been adjusted to
fulfill the specification on lean loading ratio.
Fig. 1. Comparison between experiments and simulations. (left) absorber temperature and concentration profiles for CASTOR pilot
plant, Run 1A; (right) stripper temperature profiles for CASTOR pilot plant, Run 1B
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Optimization method 
Once the limiting phenomena are rigorously represented, the process operating parameters can be 
optimized with respect to energy consumption using the developed unit operation models. The parameters 
to be optimized (e.g. the solvent flow rate, stripper pressure, solvent lean loading, temperatures, packing 
heights) depend on the chosen flowsheet. 
1.4. Reduction of models 
Since the solution of the complete rate-based models can sometimes be complex or time-consuming, a 
model reduction has been performed using artificial neural networks for both absorption and stripping 
units. A complete design of experiments has been built in order to cover the range of column input 
parameters. About 3000 simulations have consequently been performed for each column and the data sets 
have been used to train the artificial neural networks. 
A two-layer feedforward network layer has been trained using the Matlab Neural Network toolbox, 
with hyperbolic tangent transfer function in the hidden layer and a linear transfer function in the output. 
The regressed weights and bias have then been implemented in Fortran code to reproduce the trained 
network. The number of neurons in the hidden layer has been empirically adjusted to reach the desired 
accuracy; a single hidden layer with 60 neurons has been used to properly represent the complex 
interactions between inputs and outputs. A sensitivity analysis has been performed in order to select the 
best input and output variables, leading to the best performance. 
Figure 2 represents the structure of the neural network used for the absorption column. The nine 
chosen inputs of the neural network are for the absorber: height of packing, inlet liquid partial molar flow 
rate of H2O, CO2, MEA, inlet liquid temperature, inlet gas partial molar flow rate of H2O, CO2, N2 and 
inlet gas temperature. For the stripper, the nine inputs are: height of packing, inlet liquid partial molar 
flow rate of H2O, CO2, MEA, inlet liquid temperature, inlet gas partial molar flow rate of H2O, CO2, inlet 
gas pressure and inlet gas temperature. The outputs of the neural network are for both absorber and 
stripper: the amount CO2 and H2O exchanged between phases and outlet liquid and gas temperature.  
 
 
 
Fig. 2. Structure of the artificial neural network used for the absorption column 
Table 1 presents the mean average deviations between neural network predictions and model 
predictions for the gas outlet mole fraction of water, the outlet loading and outlet temperatures. These 
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deviations are sufficiently low to use the neural networks instead of the complete rate-based models for 
optimization purpose. 
Tab. 1. Mean average deviations between artificial neural networks and complete model for main outputs 
 yH2O,out (%) out (mol/mol) TL,out (°C) TG,out (°C) 
Absorber 0.05 0.0004 0.10 0.12 
Stripper 0.72 0.0025 0.44 0.38 
1.5. Process simulation 
In process simulation, two approaches are common in literature and commercial software, the 
"sequential modular" and the "equation oriented" approaches. In this work, the hybrid "simultaneous 
modular" approach is used [14]. This approach combines the flexibility and robustness of equation 
oriented systems, especially in the case of multiple recycling, while working with "black-box" modules 
for the different unit operations. Process variables are consequently all the stream variables and the 
corresponding process equations are computed from the modular unit operation models: 
 
 (1) 
 
Such a system is automatically built by a connectivity algorithm, in charge of calling the right unit 
operation model according to flux connections, and is solved by a quasi-Newton method. 
1.6. Optimization problem 
The chosen function to be minimized is the total energy penalty of the CCS system on power plant 
steam cycle (expressed in kWh/tCO2). This function can be decomposed into three terms: the parasitic load 
representing the impact of the steam drawn-off from the power plant steam cycle, the compression work 
to bring CO2 at 110 bars for transport, and auxiliary works of the process (solvent pumps, cooling water 
pumps, additional compressors, fan etc.). Correlations of Liebenthal et al. [15] have been used in this 
work to evaluate the energy penalty from process variables provided by the process simulations during 
each optimization iteration: removal efficiency, specific reboiler duty, reboiler temperature, stripper 
pressure, cooling duties and auxiliary power duty of the capture unit. 
The optimization problem can be formulated as follows: 
 
 
 
(2) 
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where  is the total equivalent work,  the operating variables to be optimized,  are the  equality 
and inequality constraints,  and  the lower and upper bounds of each variables. The constraints 
depend on the flow schemes investigated but two are mandatory: at least 90% capture efficiency 
(inequality) and the equality between the CO2 absorbed and the CO2 leaving to the compression train. 
Optimization is performed with the Fortran routine NLPQLP [16, 17], a sequential quadratic 
programming (SQP) algorithm used to solve constrained nonlinear problems. Examples are given in the 
next sections. 
Energy performance of flow schemes: a case study 
In order to validate the generic methodology described above, two flow schemes have been defined 
and tested; they are represented in Figure 3. The first one is a base case, the conventional two-column 
process, and the second one is a split feed stripper configuration. 
 
 
Fig. 3. Flow schemes and optimization parameters. (a) Conventional process (b); process with split feed stripper 
The classic absorption and desorption loop is composed of an absorber, a stripper and an economizer. 
The optimization variables can be sorted out into two types: design and control variables. The design 
variables are the solvent flow rate and reboiler heat duty, respectively adjusted to achieve 90% CO2 
removal efficiency and to desorb the same amount of CO2 as absorbed. The control variables (degree of 
freedom) are the lean loading ratio and the stripper pressure, adjusted in order to minimize the total 
energy penalty. The split feed stripper flow scheme has two additional adjustable parameters: the split 
ratio and the injection height into the stripper. A thermal pinch of 5 K has been assumed for the 
economizer and packing heights have been taken to respectively 20 and 15 meters for absorber and 
stripper. Since only the process energy performance is studied in this work, column heights have little 
impact on the optimal parameters and have therefore been taken to large but realistic values. 
Figure 4 presents a parametric analysis for the conventional process obtained by manually fixing the 
lean loading ratio and the stripper pressure and adjusting the solvent flow rate and reboiler heat duty to 
satisfy constraints in order to observe the evolution of the total energy penalty with respect to these two 
variables. The energy penalty always reaches a minimum with respect to the lean loading, whatever the 
stripper pressure. At low lean loading, more stripping steam is required to perform a complete 
regeneration whereas at high lean loading, more solvent is required to achieve 90% efficiency and the 
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sensible heat term becomes predominant. Regarding the effect of stripper pressure, a minimum is
theoretically expected since an increase of stripper pressure leads to a reduction of both compression 
work and quantity of steam required but also to an increase of the steam quality used. However, such a 
minimum is not observed in the studied range; the upper bound of 2.5 bars used in order to limit the
reboiler temperature (limiting MEA degradation) is too low to observe the minimum of the curve. Even 
the minimum is mathematically reached at 2.5 bars, the curve progressively flattens from 1.25 bars. The
fact that the optimal stripper pressure is found at the upper bound means that the higher steam quality 
needed is compensated by the lower compression work and the lower steam quantity needed, but for 
higher stripper pressure (not considered due to thermal degradation) a minimum is expected.  With the 
correlations of Liebenthal et al. [15], it is therefore more interesting to operate at high pressure.
Nevertheless, at low pressure (below 500 mbar) it is possible to integrate the low quality heat from the
compression train to evaporate the solvent and new correlations should be derived in order to consider the
various possible heat integrations.
Fig. 4. Parametric analysis for the conventional process (a) Total equivalent work as function of lean loading and stripper pressure;
(b) Optimal energy penalty as function of stripper pressure
Table 2 gives the results of the optimization method using the NLPQLP routine for the two flow
schemes. A minimum energy penalty of 383.3 kWh/tCO2 has been found for the conventional process
inducing an 11.08%-pt efficiency loss on the power plant, and 360.8 kWh/tCO2 for the split feed stripper 
configuration inducing a 10.43%-pt efficiency loss on the power plant. These values are very similar to
total equivalent work reported in literature for a MEA process [1, 15, 18]. It should be noted that the
minimum of total equivalent work does not correspond to the minimum of reboiler heat duty due to the
different competitive effects highlighted above.
The conventional process operating with MEA is the base case used as reference for the assessment of 
energy performance of process modifications and/or new solvents. The split feed stripper consists in
splitting the cold rich solvent into two flows, the first one is preheated in the economizer before injection 
into the stripper and the second one is directly injected at the column top. This process modification
allows a better exchange of sensible heat in the heat exchanger due to the reduction of the rich preheated
flow rate. Thermal pinch on hot and cold sides of the economizer are consequently equal, i.e. the
difference between the rich cold solvent temperature and lean cold solvent temperature is equal to the
difference between the rich hot solvent temperature and lean hot solvent temperature. Furthermore, the
injection of a cold solvent at the top of the stripper allows a pre-condensation of the gas exiting the
stripping section, leading to a significant reduction of the amount of cooling water required for the
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condenser. With this modification, more solvent is required (about 8%) compared with the conventional 
process and the optimal lean loading ratio is higher. The reduction of reboiler heat duty allows a directly 
decrease of the parasitic load on power plant steam cycle whereas other works (auxiliary, compression 
and cooling water pumps) are almost constant. 
Tab. 2. Optimal operating parameters and corresponding energy penalty for the different flow schemes 
 Conventional Split feed stripper 
Solvent flow rate (t/h) 17.0  18.5 
Lean loading ratio (molCO2/molMEA) 0.211 0.230 
Reboiler heat duty (GJ/tCO2) 3.48  3.19 
Reboiler pressure (bar) 2.50  2.50 
Split ratio (not pre-heated part) - 0.04 
Relative injection height (-) - 0.92 
Parasitic load (kWh/tCO2) 251.3 228.2 
Auxiliary power (kWh/tCO2) 41.3 41.8 
CO2 compression (kWh/tCO2) 85.4 85.4 
Cooling water pumps (kWh/tCO2) 5.3 5.4 
Total equivalent work (kWh/tCO2) 383.3 360.8 
 
Conclusions and perspectives 
In this study, a generic rigorous method is detailed in order to obtain optimal operating parameters 
minimizing the energy consumption of a given CO2 capture process by chemical absorption. The 
optimization guideline can be summarized as follows: development of rigorous phenomenological models 
(with validation on experimental results), reduction of complex models based on artificial neural 
networks, automatic multi-parametric optimization with a dedicated algorithm using process simulations. 
The method has been validated on two flow schemes, the conventional two-column process and an 
configuration using a split feed stripper, leading to energy consumption of respectively 383 kWh/tCO2 and 
361 kWh/tCO2. These values are classic for the reference solvent, monoethanolamine, which validates the 
model used for process simulation and the optimization method. The developed code is flexible and 
robust and will be used for automatic evaluation of energy performance of given flow schemes, using 
different promising solvents. The optimization algorithm could also be used for technical and economic 
studies in order to minimize the cost of the capture unit or the levelized cost of electricity (LCOE). 
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